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Non-intrusive visualization of the structure of flames can offer us many advantages in studying the reaction mechanisms of combustion and observing special distributions of the parameters required for the development of equipment such as jet engines and gas turbines. Process tomography is a relatively new technique for such a task, but is useful owing to its fast speed and capability of detecting signals related to ionizations caused by chemical reactions and thermal effects. Electric capacitance tomography (ECT) is one of the process tomographic techniques. ECT usually comprises a sensor array of electrodes that detect permittivity variations in the measuring zone, a datalogging device and a computer that controls data acquisition and carries out image reconstruction. There have been studies on ECT imaging of flames; however, ECT has not been exploited sufficiently to reveal the inner structure of the flames. In this study, a sensor with planar electrodes is created, and the associated three-dimensional sensitivity map is generated by the finite-element method to detect flame structure. A series of experiments are carried out covering a range of feed rates of fuel and air. Data are collected by the ECT sensor and hardware. The results of the ECT reconstruction show good agreement with actual features, and the structure of the flame is found. This opens up a new route for the study of flames.
This article is part of the themed issue 'Supersensing through industrial process tomography'.
Introduction
A flame can have different regions, such as an inner cone and an outer envelope. As an example, shown in figure 1 , a Bunsen burner flame can have several zones, e.g. a cone of unburnt gas and air, a region of intense combustion, a zone of reactive gases with incomplete combustion, etc. Accurate detection of the important regions without disturbing the combustion conditions would benefit both fundamental research and industrial applications.
For the above purpose, electric tomography, one type of process tomography, is a good candidate as it can be non-intrusive and is able to map the distributions of the contents of the flame. As described by Liu et al. [1] , electric dipoles from electronic polarization, ionization polarization and orientation polarization in the flame may, depending on the concentration, significantly alter the permittivity distribution in the flame, whereas the degree of ionization is related to the intensity of the combustion at various locations in the flame. In other words, the permittivity of the flame is closely related to the intensity of the combustion. In a flame, various charged particles, including positive ions such as CH such as free electrons, are generated. The permittivity distribution in the flame is thus influenced by the concentration and location of these charged particles. Therefore, it is feasible to map the combustion intensity distribution in flames by using electric tomography [1, 2] . Electric capacitance tomography (ECT) is one of the well-developed methods of electric tomography. Having distinct advantages, e.g. non-intrusive sensing and fast data acquisition speed, ECT reconstructs the permittivity distribution in the measuring zone using certain appropriate algorithms, which are selected according to the measured capacitance data. Over the past several decades, the ECT method has been intensively studied and is one of the most promising visualization methods for parametric measurement in multi-phase systems [3] [4] [5] [6] [7] [8] [9] [10] . For example, Waterfall et al. [2] , He et al. [11] and Liu et al. [1] applied the ECT method for the visualization of the spatial distribution of a combustion flame, which provides an effective approach for understanding the underlying physical and chemical mechanisms of the combustion process.
Depending on the materials being measured and the working environment, ECT can use various types of sensors. Figure 2 illustrates a typical ECT system with a cylindrical sensor and a data acquisition device to collect data from the sensor. The data are analysed and images reconstructed via certain algorithms. As far as three-dimensional ECT techniques are concerned, there have been active investigations in both sensor design and image reconstruction algorithms recently. While the majority of the effort has been focused on three-dimensional multi-phase imaging, visualization of the details of the combustion process and flame characteristics still needs substantial developments. Ye [12] investigated volumetric and planar ECT. In his study, a planar sensor was built with a matrix of three by four rectangular electrodes laid on a plastic plate. The Landweber iterative algorithm was used for image reconstruction. The images of the objects, such as wooden blocks, were reasonably well reconstructed. Depth detection was also observed and found to be at least 8 cm for a sensor size of 17 × 17 cm. Soleimani et al. [13] introduced a 32-electrode ECT sensor arranged in four planes with eight electrodes in each plane. They implemented a temporal correlation between three-dimensional ECT images to form four-dimensional maps. Three-dimensional ECT has also been used for real-time multi-phase flow visualization [14] . Warsito and Fan [14] applied a three-dimensional ECT technique to gas-liquid-solid fluidized bed measurement, and successfully revealed the flow of bubbles in a multi-phase system. Gut & Wolanski [15] carried out a preliminary study on three-dimensional flame imaging using a cylindrical ECT sensor with 18 electrodes distributed in three planes. Although the technical details were not reported, this article showed a group of flame images in three-dimensional shapes, but the inner structure of the flames was not reported in the measurement results.
The above-mentioned studies, together with many others, have shown the fundamental features of three-dimensional ECT. However, so far, it is still uncertain which sensor geometry would serve best the purpose of three-dimensional flame imaging. It is therefore our intuitive thought that a planar circular sensor would have some advantages. First, it would be convenient to fit a circular burner to the centre of a planer circular sensor. Second, a circular sensor would naturally better match the shapes of cross sections of the flames. Third, a planar sensor does not use long electrodes around the periphery of a cylindrical sensor frame, thus it may provide better resolution along the length direction of the flames.
Although ECT has been successful in visualizing flames in free spaces [2] and in porous media [1] , it has not revealed the structure, e.g. different zones, of a flame. The images of the flames available are essentially similar to those of solid objects, with a unicolour central cone, which is very likely to be caused by signal saturation, and a somewhat blurred surrounding. There may be many reasons for this, but the ECT sensor must be structured to sense the distribution of the contents to be measured in three-dimensional space, associated with a proper sensitivity map (measurement matrix) and an image reconstruction algorithm.
It is worth mentioning that a flame is a dynamic evolutionary process, therefore a fast imaging method would be beneficial for reflecting the spatial distribution properties of the flame. It is more challenging to reveal the inner structure of a flame. Here, we regard the region between the inner cone and the outer envelope as one of the most prominent structures in a flame as very intensive reactions occur around this region; hence, we designed this study to visualize this interface. There have been many methods used for image reconstruction. But an effective algorithm for flame structure visualization has not been specifically identified and proven. Therefore, the tasks in this study are first to develop a sensor to sense three-dimensional variations and second to identify a suitable algorithm.
Methods (a) The electric capacitance tomography sensor
For an ECT sensor to detect the distribution of material in three-dimensional space, and be able to be adapted to a burner, a planar circular sensor with eight electrodes was designed and fabricated, as shown in figure 3 . The central part of the base is a hole to host the burner. The variation in the distribution of materials above the electrodes causes the corresponding capacitance variations measured by each pair of electrodes. Therefore, the three-dimensional distribution of materials can be detected. For the same reason, when there is a flame, the permittivity distribution above the electrodes will also be sensed by the electrodes. The sensor in figure 3 has eight electrodes evenly laid on the top plane; beneath the electrodes is an insulation plate made of crystal glass; and further down is a stainless-steel base. Through the central hole is the burner with a fuel pipe in the centre surrounded by an annulus air channel.
(b) Three-dimensional sensitivity map A sensitivity map is essential for ECT image reconstruction. However, as far as the authors are aware, there have been no previous reports of a sensitivity map being created for such a structure. In this study, a two-step numerical procedure was used to generate the sensitivity map:
(a) The electrodes are excited one by one in a numerical simulation. For each excited electrode, the electric field is calculated based on electromagnetic models via the finiteelement method. This process continues until every electrode is excited, and eight electric fields are obtained, corresponding to the eight electrodes. (b) For each pair of the calculated electric fields described above, the inner product was used to obtain the sensitivity map for each voxel centred at ( indicating the ith electrode and the second subscript x indicating the x-axis to which the electric field is projected.
As the sensitivity map is three dimensional, it may be easier to think of it as slices in a number of cross sections inside the measurement zone. Some typical plots of the sensitivity map are provided in three cross sections with different distances, i.e. 10, 30 and 80 mm, respectively, from the electrode plane, as shown in figure 4 . Figure 5 shows sensitivity maps in the first cross section, i.e. 10 mm from the electrode plane, between two adjacent electrodes (figure 5a), and between two opposite electrodes (figure 5b). Figure 6 shows sensitivity maps between two adjacent electrodes (figure 6a), and between two opposite electrodes (figure 6b), in the second cross section, i.e. 30 mm from the electrode plane. Figure 7 shows sensitivity maps in the third cross section, i.e. 80 mm from the electrode plane, between two adjacent electrodes (figure 7a), and between two opposite electrodes (figure 7b).
The above sensitivity maps have the following general features:
(a) The closer to the electrode plane, the stronger the sensitivity field; and the further from the electrodes, the less sensitive the measurement. (b) The further the two electrodes are apart, the weaker the sensitivity between them. So an adjacent electrode pair has the highest sensitivity, whereas an opposite electrode pair has the weakest one. (c) The further from the electrode level, the more evenly the sensitivity maps are distributed.
Image reconstruction method
The ECT image reconstruction procedure consists of two processes: the forward problem and the inverse problem. In a mathematical notation, when signal noise is ignored, the common ECT imaging model can be approximated as [16] 
where S is the sensitivity map or measurement matrix; G is the permittivity distribution vector, also called the image, which contains the grey values for each voxel in the reconstructed images; and C denotes the capacitance values measured or simulated. Owing to the advantages of online reconstruction and high robustness, etc., the optimized offline iteration-online reconstruction (OIOR) method has been found to be successful in the field of ECT image reconstruction [17, 18] . In this paper, the OIOR method is employed to implement image reconstruction.
The OIOR method involves two stages. The first stage is an offline step, in which the generalized inverse matrix is iteratively calculated, i.e.
where I is the unity matrix, α m is the step length for iteration m and the subscript m indicates the number of iterations. The above is an iterative process in which U is updated after each iteration, whereas U 0 can be arbitrarily set to any value initially. After a prescribed number of iterations, a final U, U final , is generated that can be used as the optimized inverse matrix, which yields the same effect as a Landweber iteration method [18] .
In the second stage, the generalized inverse matrix is used to implement the image reconstruction online, i.e.
It is well known that the value of the step length is difficult to determine precisely. It is usually assigned a fixed value, e.g. 1, either from experience or by trial and error. In order to increase the efficiency of the iteration process and to improve the accuracy of image reconstruction, i.e. to reduce the errors between the measured capacitance C and the calculated capacitance vector SG, in OIOR, the optimal step length is derived by minimizing the l 2 -norm of the error vector e e m+1 = C − SG m+1 . (3.4)
After certain equation manipulations (for details see [17] ), the optimized step length is found to be
(3.5)
In the OIOR method, the step length is calculated by equation (3.5) in each iteration to minimize the error vector, therefore its value is not fixed but is an optimal value in every step of the iteration. In many cases, this method can significantly reduce the number of iterations and maintain stability for a convergent iteration process [17] . The reason for using the optimized OIOR is twofold. First, the imaging speed of the OIOR method is as fast as a one-step method, because only the final generalized inverse matrix is used for the online image reconstruction, whereas the effect of the OIOR method is the same as the Landweber method for the same number of iterations. Second, the step length α in equation (3.2) is dynamically updated to an optimal value in each iteration, which in most cases guarantees that the iterations converge even after a large number of them. The second feature of OIOR is particularly relevant to the problems in this study, as a certain number of iterations may be necessary to increase the sharpness of the images, or to increase the spatial resolution, which is very important for visualizing the detailed structures in a flame. Also, with the effect of a multistep iteration, the OIOR method is as fast as a one-step inverse method, which is particularly suitable for visualizing unsteady processes such as combustion. 
Imaging by simulation
Two simulations were carried out to validate the sensitivity map with the OIOR method. In the first case, a ball with a spherical cavity inside is used for the simulation. The ball has a diameter of 60 mm and a permittivity of 8, centred at a height of h = 35 mm. The spherical cavity has a diameter of 36 mm, centred at a height of h = 20 mm. The ball and the cavity are aligned with the same axis, as illustrated in figure 8 . The reconstructed three-dimensional image of the object is revealed in six slices, i.e. in the six cross sections, 30, 35, 40, 45, 50 and 60 mm, respectively, away from the electrode plane, as illustrated in figure 8 .
In figure 9a , b, the cavity is reflected in the images, as we can see the lower permittivity centre. Figure 9b also demonstrates the largest cross section of the ball, which coincides with the diameter of the ball, and (figure 9c-f ) shows a gradually smaller area on the gradually higher cross sections.
The second simulation shows the images of a ball in three positions in the same cross section 20 mm above the electrode plane, as illustrated in figure 10 .
The reconstructed images of the ball in three different positions are shown in figure 11 . From figure 11 , the three images clearly correspond to the positions in figure 10 .
The above simulations have validated the correctness of the three-dimensional sensitivity map, and the effectiveness of the OIOR method.
Experimental
Experiments were carried out to image the flames, with a particular interest in viewing the inner structure of the flames. Figure 12 shows the experimental apparatus.
The ECT sensor is fitted with a gas burner to form an integrated unit, as shown in figure 3b . The burner is a circular gas burner. Its geometry basically follows a conventional gas burner, with a central tube for fuel gas and, surrounding the central tube, an annulus conduit to supply combustion air. The inner diameter of the fuel tube is 16 
30
• with regard to the axis, to generate a swirling air flow. For the eight-electrode ECT sensor, the outer diameter of the electrode array is 124 mm, with an inner diameter of 74 mm. The electrodes are made of 4 mm thick stainless steel and mounted on a 12 mm thick crystal glass plate. Below the glass plate, there is a metal plate serving as shielding to reduce interference from the outside environment. Below the metal plate, there is another crystal plate to insulate the electrode wiring from the metal plate. For further reduction of environmental interference, cylindrical shielding was also used to isolate the combustion space from the outside space. Methane was used as the fuel. A range of fuel feed rates were tested from 30 to 180 l h −1 ; and feed rates of the combustion air from 500 to 3000 l h −1 . To avoid signal saturation during measurement, proper calibration should be conducted before the experiments are carried out. The low calibration followed a normal procedure with an empty combustion chamber. The high calibration was performed using sand with moisture levels that yielded a range of permittivity from 3 to 15. After a few trial tests, it was found that, for the combustion conditions we were using, sand with a permittivity greater than 8 provided sufficiently good high calibration to prevent signal saturation.
At the beginning of each experimental run, the feed rates of methane and air were adjusted by means of the float meters to the required values. Then, the gas mixture was ignited with a spark igniter. ECT data acquisition was started when the combustion conditions became stable. After the required amount of data had been collected, ECT acquisition was stopped, and the data were saved to the hard disk. In this study, a data-sampling rate of 40 frames per second and 1000 frames for each experimental run were normally applied, which is enough to provide the required temporal resolution. With the measured capacitance and the three-dimensional sensitivity map, the OIOR algorithm was used to reconstruct a series of flame images.
Results
A typical experimental result is presented here, with a methane feed rate of 90 l h −1 and a combustion air feed rate of 1000 l h −1 , i.e. the fuel-air ratio was 1 : 11. In this case, the threedimensional images were reconstructed using the three-dimensional sensitivity map and the OIOR algorithm. To provide clear views of the inner structures of the flames, a series of slices of a typical three-dimensional image are presented in figure 13 , with each slice corresponding to a different cross section along the axis of the combustion chamber, at a different height from the surface of the electrodes of the ECT sensor.
The basic features of figure 13 are quite clear. First, for low positions, i.e. low H, the highpermittivity (high grey values) parts are distributed in a circular manner, Second, the grey values within each circle are not constant, with strong and weak portions, which implies a nonsymmetrical intensity of the reaction in the flame. This can be considered reasonable as the combustion is turbulent. Third, at a certain height, the circular structure reduces and eventually merges into a small region of similar intensity, which would indicate the top region of the inner cone of a flame. In fact, the images reconstructed by equation (3.3) were originally digital vectors, i.e. each element of G, or pixel value, is a numerical number. Graphical images of them are but one way to present the data. Therefore, in addition to graphical forms, an image can also be represented quantitatively in its original numerical form. As an example, figure 14 shows two bar charts of a slice of the three-dimensional image which corresponds to H = 15 mm in figure 13 . In figure 14 , the pixel values of the slice for H = 15 mm are plotted along line 1 and line 2, indicated by the dotted lines in figure 14a , to show the distributions along the x-direction and the y-direction. It is important to mention that the actual pixel values will depend on both the materials used for calibration and the normalization methods used in image reconstruction. Any definite correlation between a pixel value and the actual permittivity value corresponding to the pixel will need further modelling that is beyond the scope of this study.
Stacking these slices will show us a three-dimensional effect of the structure of the flame. Figure 15 contains two plots. Figure 15a shows a camera shot of the flame, and figure 15b shows some slices of a three-dimensional ECT image. The nearly circular-shaped high-permittivity part, in red, in the ECT images coincides reasonably well with the interface between the inner cone and the outer envelope in the photograph of the flame, where the reaction is believed to be the most intensive, hence it has the highest permittivity.
By careful observation of figure 15 , we found that the dimension, or 'diameter', of the highpermittivity circle changes nonlinearly with the distance from the bottom plate, or the sensor plate, with relatively large sizes at heights between 5 and 25 mm. It is also seen more clearly that at a certain height, say 90 mm, the circular structure shrinks and eventually merges into a small region of similar intensity, as indicated already.
For comparison with the above results, experimental data under different combustion conditions are also presented here that correspond to a fuel feed rate of 60 l h −1 and combustion air feed rate of 1000 l h −1 , i.e. with a ratio of 1 : 16.6. Slices from a typical three-dimensional image of a flame structure are plotted in figure 16 . It can be seen that the slices in figure 16 essentially agree with those in figure 13 , i.e. circularshaped high pixel values exist in the lower region of the combustion chamber, and the circles gradually merge to small areas at higher places. However, as the fuel feed rate is lower, and the ratio of the excess air is higher than in the former case, the merging point seems to be at a lower height than the case where the fuel feed rate is 90 l h −1 , which may imply a shorter interface between the inner cone and the outer envelope, and a shorter time for complete combustion. It may also be noted that the pixel values are slightly lower than the case when the fuel feed rate is 90 l h −1 , which can be reasonably expected.
It was found from the experimental measurements that the planar circular ECT sensor can be used to reflect the three-dimensional features of the flames. The OIOR method can also effectively produce converged results with sufficient spatial sensitivity and resolution for flame structure visualization.
Discussion and conclusions
In this study, a planar circular ECT sensor is developed for the three-dimensional visualization of the structure of flames. A three-dimensional sensitivity map is also generated using the finiteelement method to suit the ECT sensor. In order to detect the interface between the inner cone and the outer envelope of a flame, as well as to increase the spatial resolution of ECT, the OIOR algorithm was chosen for image reconstruction to maximize the iteration effect. Through the simulations, the three-dimensional sensitivity map was verified and applied for image reconstruction. Experiments were conducted and the ECT images of the flames clearly revealed the region between the inner cone and the outer envelope of a flame. Through this study, it is established that ECT can be effective in visualizing some structures of the flames, and the planar sensor and the associated three-dimensional sensitivity map are capable of three-dimensional flame visualization.
This study is still in its early stages. Future investigations should be carried out to evaluate the accuracy and sensitivity of the method, to find better calibration methods and to discover optimized sensor structures for better results.
